Muscle contraction induced by 30 min of continuous nerve stimulation at 50 Hz resulted in sarcomere changes of the soleus muscle in the rat. To further investigate the cause of sarcomere alterations, the sciatic nerve was electrically stimulated intermittently for 30 min. Nerve stimulation was also conducted after cutting the tendons of the soleus, gastrocnemius and plantaris muscles in order to prevent imposing tension on these muscles due to their own contractions. In addition, the muscles were pulled by weights via their tendons to load high tension for 30 min without nerve stimulation.
Introduction
Muscle injury with sarcomere alterations occurs under various conditions such as overexercise.
It has been demonstrated that treadmill running (Armstrong et al, 1983; Ogilvie et al, 1988; Komulainen et al, 1994) and reloading on atrophied adductor longus muscles (Riley et al, 1 992, 1996; Krippendorf & Riley, 1994) resulted in sarcomere lesions in rats. Electrical stimulation of the muscle with concomitant muscle stretching (eccentric contractions, i.e., the muscles lengthen while they are actively developing tension; Armstrong et al, 1983) produces several types of sarcomere lesions (Thompson et al, 1999) . In our previous study, the formation and recovery process during up to 7 days of sarcomere changes of the soleus muscle were clearly shown after 30 min of continuous electrical stimulation of the sciatic nerve with intact tendons (Matsuura et al, 2001 ). However, the cause of the muscle injury remains to be clarified. One candidate cause is high tension on the muscle due to its own contraction. Other candidates include deficiencies of oxygen and the nutrient supply as well as accumulation of wastes such as lactate in muscles due to a decrease of blood flow during contraction. In addition, there may be other causes which also induce such abnormal sarcomeres. To evaluate the role of tension and a possible decrease of blood flow (which would presumably lead to unfavorable metabolic conditions) in the production of muscle injury, we examined the rat soleus muscle after the following treatments: 1) intermittent nerve stimulation with intact tendons to minimize the deficiency of oxygen and nutrients as well as accumulation of metabolic wastes during contraction, 2) tenotomy plus continuous nerve stimulation to avoid muscle tension, and 3) loading high tension on the soleus muscle by pulling tendons of the soleus, gastrocnemius and plantaris muscles together by weights without nerve stimulation. We compared sarcomere alterations after these treatments with those after continuous nerve stimulation with intact tendons (Matsuura et al, 2001 ).
Materials and Methods
Eight-week-old female Wistar rats (12 animals; B.W. 181.5 ±4.9 g) were used in this study.
Rats were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg BW) with supplemental ether inhalation when necessary.
In nerve-stimulated rats (9 animals), the skin covering the buttocks was cut on the experimental side, and the sciatic nerve was exposed. The nerve was separated from the surrounding tissues, connected with plus and minus wire electrodes and stimulated by a 1-Hz, monophasic 1-ms square-wave pulse (Nihonkohden SEN-2201 , Tokyo, Japan). First we gradually increased the voltage from 0 V until plantar flexion occurred to determine the twitch threshold voltage. Then we doubled the voltage to 3-5 V and stimulated the nerve at 50 Hz. Rats in the intermittent nerve stimulation with intact tendons group (3 rats) were stimulated for 30 min (10 bouts of 3 min each of stimulation separated by 2-min rests). In rats of the tenotomy plus continuous nerve stimulation group (3 rats) , the distal tendons of the soleus, gastrocnemius and plantaris muscles were severed prior to nerve stimulation to avoid tension on these muscles during their own contractions, and the nerve was stimulated continuously for 30 min. There were considerable individual differences in aberrant sarcomere areas in this group. Then an additional 3 rats were subjected to the same treatment, which again resulted in some variability from animal to animal. In all rats, the hindlimbs werenot restrained, and the sciatic nerve and wound were covered with cotton that had been soaked in saline solution to prevent drying. Data from rats of the continuous nerve stimulation with intact tendons group (3 rats) and their contralateral hindlimbs (the untreated controls) were derived from our previous study (Matsuura et al, 2001 ).
Rats of the tension-loaded group (3 rats) were loaded with 600 or 1,200 g, which was estimated tobe 500 or 1,000 times the muscle wet weight by pulling tendons of the soleus, gastrocnemius All rats were placed on a bag containing water at about J1°C during treatment to prevent a decrease of body temperature and immediately sacrificed (within 1 0 min) after treatment.
An incision was made through the ribs to expose the heart and the inferior vena cava was cut.
The animal was perfused first with 50 ml of saline and then with 3% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) through the apex of the heart into the left ventricle. The soleus muscles of the treated and control sides were sampled and the midbelly portions were dissected in rectangular pieces to facilitate orientation during embedding and sectioning. Specimens were immersed in the same fixative for 2 h to 1 day, postfixed in 1% OsO4 in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C, rinsed 3 times (10 min each) in 10% saccharose and stained en bloc in 3% uranyl acetate for 1 h at room temperature. Then specimens were dehydrated in ethanol and flat embedded in epoxy resin. Ultrathin sections were cut, stained with uranyl acetate and lead citrate and observed using a JEM-1200 electron microscope. Experimental procedures were approved by the Animal Facility Ethical Committee of Hiroshima University.
Weanalyzed sarcomere alterations quantitatively according to Matsuura et al. (2001) . Three randomly selected blocks from each soleus muscle were cut, collected on grids and stained. Three holes of each grid were chosen following a protocol and the centers of these 3 holes of each grid werephotographed at a magnification of 2,500 and printed at a final magnification of 5,600. A total of 135 micrographs were inspected by two investigators on a blinded basis, and analyzed using a scanner and a computer, and the percentages of each aberrant sarcomere type were separately calculated using NIH Image software.
Results
Four out of 5 types of sarcomere alterations previously reported (Matsuura et al, 2001) were found focally in the soleus muscle. Myofilament disorganization was not observed.We briefly profile the features of each type of alteration.
Types of sarcomere alterations 1 ) Sarcomere hypercontraction Sarcomeres were segmentally shortened and less than 70% in length compared with surrounding normal-looking sarcomeres. The A and I bands were difficult to distinguish. The Z bands were slightly wavy or curved. This type was a prevalent sarcomere change after nerve stimulation.
2) Sarcomere hyperstretching
Sarcomeres were lengthened to more than 130% the length of surrounding sarcomeres. This type was very rare in the present study.
3) Z band disarrangement
The length of sarcomeres was within the normal range (between 70% and 130%) compared with the surrounding sarcomeres. However, the Z bands were wavy, often blurred and sometimes broken down into fragments. The A and I bands were not distinguishable.
4) Regions of scarce myofilaments
Myofilaments and the Z bands were very scarce in these regions and mitochondria were easily seen.
Findings after treatments
The untreated controls
Weemployed the soleus muscles contralateral to those with the continuous nerve stimulation with intact tendons as controls. These specimens showed a few regions of scarce myofilaments (0.9± 0.5%; Matsuura et al, 2001 ). Other types of sarcomere changes were not seen.
Continuous nerve stimulation with intact tendons
Aberrant sarcomeres were found in 1 8.8 ± 15.8% of the muscle sectional area (Matsuura et al, 2001 ). Most of the aberrations were classified as sarcomere hypercontraction (1 6.8 ± 17.8%). Z band disarrangement (1.3±2.3%) and regions of scarce myofilaments (0.7± 1.2%) were also observed.
Intermittent nerve stimulation with intact tendons
The soleus muscle showed total 25.7 ± 16.4% of sarcomere alterations, with sarcomere hypercontraction in 21.3± 15.7%, Z band disarrangement in 3.6± 1.6% and regions with scarce myofilaments in 0.8± 1.0% of the muscle area (Fig. 1) .
Tenotomy plus continuous nerve stimulation
Sarcomere changes were found in 21.1 ± 35.4% of the muscle area. Most of the changes were sarcomere hypercontraction (1 9.5 ± 36.4%). Sarcomeres were highly contracted and the Z bands were slightly curved (Fig. 2) , which was in close accordance with the features observed after continuous nerve stimulation with intact tendons (Matsuura et al, 2001 ). Regions with scarce myofilaments were also found (1.6 ± 1.9%).
Tension loading by weights
Muscles pulled by a weight of 600 g contained sarcomere alterations in 1.7 ± 1.0% of the muscle area, with regions of scarce myofilaments in 1.6± 1.0% and Z band disarrangement in 0.1 ± 0.1% of the muscle area (Fig. 3) . Muscles pulled by a weight of 1 ,200 g contained sarcomere alterations in 4.5±2.9% of the muscle area, with regions of scarce myofilaments in 4.1 ±2.9%, sarcomere hyperstretching in 0.3 ±0.5% and Z band disarrangement in 0. 1 ± 0.1% of the muscle area (Fig.   4 ).
The relative incidence of sarcomere alterations in soleus muscles after various treatments is summarized in Fig. 5 .
Discussion
Sarcomere alterations have been found after various treatments and are generally believed to represent muscle injuries (Frideh et al, 1981; Armstrong et al, 1983; Newham et al, 1983; Ogilvie et al, 1988; Krippendorf & Riley, 1994; Thompson et al, 1999) . The sarcomere hypercontraction found in the present study has also been reported after eccentric contractions (Ogilvie et al, 1988; Friden & Liber, 1998; Thompson et al, 1999) , which cause more injury to the muscle than concentric or isometric contractions. It is plausible that sarcomere hypercontraction is induced by elevations in intracellular Ca2+ (Duncan, 1987; Duan et al, 1990; Armstrong et al, 1991) .
However, the trigger of the elevation of Ca2+ has not been identified. In our previous study, sarcomere alterations were demonstrated in the soleus muscle after continuous nerve stimulation (Matsuura et al, 2001 ). However, the cause of aberrant sarcomeres was not clarified. Several factors are suspected to be causes of muscle injury. The high tension which is imposed on muscle fibers during muscle contraction was reported to correlate with muscle injury (Friden et al, 1981 ; Newhamet al, 1983; Gibala et al, 1995) . Friden and Lieber (1992) and Lieber and Friden (1999) believed that active strain (strain lhat occurs during active lengthening of an activated muscle; Lieber & Friden, 1993 ) plays a key role in producing muscle injury. Those authors also stated that passive strain alone does not induce muscle injury.
In the present study, a small number of abnormal sarcomeres were found after tension loading by weights. Furthermore, the type of sarcomere alterations (regions of scarce myofilaments) obviously differed from that (hypercontraction) after nerve stimulation. Tenotomy presumably eliminates high tension, and consequently also active strain, on muscles. However, tenotomy does not reduce sarcomere hypercontraction. One explanation for these findings is that tension does not correlate with sarcomere hypercontraction. Another possibility is that sufficient tension to give rise to muscle injury was not loaded on muscles even with intact tendons since the hindlimbs were not restrained, suggesting that not tension or strain but some other causative factor(s) are involved in the formation of sarcomere hypercontraction. In either case, high tension and active strain do not seem to play major roles in the production of sarcomere alterations observed in the present study.
When the human peroneal nerve is stimulated at 50 Hz, intramuscular pressure rises to about 300 mmHgand the blood supply stops (Nilsson & Ingvar, 1967) . Several minutes later blood reflow starts after a decrease of the intramuscular pressure as the muscle contraction diminishes.
Similarly, it seems reasonable to speculate that the muscle blood flow probably decreases and the metabolic environment of muscle fibers deteriorates to some extent during muscle contraction.
However, the soleus muscle showed more severe sarcomere hypercontraction after intermittent nerve stimulation than after continuous nerve stimulation. Duncan (1987) reported that changes in pH, loss of ATP and Ca-activated neutral protease were not involved in rapid myofilament damage. Armstrong et al (1991) pointed out that the injury in the muscle fibers is not a result of insufficient ATP production. Those authors also suggested that the degree of injury is proportional to the amount of work done by the muscle. Our findings are in agreement with their conclusions.
Some unidentified factor which is related to muscle contraction may play an important role in inducing sarcomere hypercontraction. Recently, evidence has been accumulating that various types of sarcomere alterations occur as a result of a wide range of treatments such as denervation (Sakakima et al, 2000) , feeding of a low-protein diet (Oumi et al, 2000) and tenotomy (Abou Salem et al, 2001 ). The muscles of rats in those studies were not, at least intentionally, overloaded, and some of the sarcomere changes observed may not necessarily have reflected muscle injury. However, the results of those studies support our idea that high tension, active strain and a decrease of blood flow are unlikely to have induced sarcomere alterations in the present study. The causes and mechanisms of sarcomere alterations need to be further elucidated. 
